Glucokinase was purified from Escherichia coli B cells dosed with a hybrid plasmid carrying the gene for glucokinase. The enzyme was purified about 170-fold and was homogeneous on polyacrylamide gel electrophoresis. The enzyme was 49,000 in molecular weight and consisted of two subunits having a molecular weight of 24,500. The glucokinase catalyzed phosphorylation ofdglucose, D-mannose, D-glucosamine, and 2-deoxy-D-glucose, consuming ATPas a phosphoryl donor. Besides ATP, other nucleoside triphosphates such as ITP, GTPand UTPwere also utilized as phosphoryl donors. The enzyme required free sulfhydryl groups and Mg2+for activity. 2) 1st Ammoniumsulfate fractionation. To the dialysate (605 ml, 23.8g protein), 69g of solid ammoniumsulfate
In Escherichia coli, glucose catabolism has been thought to be mainly carried out by glucose phosphotransferase (GTP) and/or mannose phosphotransferase (MPT) and the role of glucoklinase (GLK) in glucose catabolism is not well understood. However, as shown previously,1} an E. coli mutant having deficiencies in GPT, MPT, and GLKactivities grew on glucose at a rate comparable with that of wild E. coli cells, whenthe mutant cells were transformed with a hybrid plasmid (pGKlOO)
carrying the gene for GLK. This result indicated that the GLKwas functioning in the cells to allow growth on glucose.
To elucidate the roles of GLKin E. coli cells, we first purified the GLKfrom E. coli cells with pGKlOOand characterized the pro- This article deals with the purification and characterization of GLKfrom E. coli B cells.
MATERIALS AND METHODS
Chemicals. Glucose-6-phosphate (G-6-P) dehydrogenase, lactate dehydrogenase, and pyruvate kinase were purchased from Sigma Chemicals, St. Louis, MO, U.S.A.
ATP was purchased from Oriental Yeast Co., Ltd., Tokyo, Japan. Other nucleoside triphosphates [inosine 5'-triphosphate (ITP), guanosine 5 '-triphosphate (GTP), uridine 5'-triphosphate (UTP), cytidine S'-triphosphate (CTP), and thymidine S'-triphosphate (TTP)] were purchased from Wako Pure Chemical Industries, Co., Ltd., Kyoto, Japan. Other chemicals used were all analytical grade reagents.
{Bacterial strain Escherichia coli ZSC1 12L (gpt-2 mpt-1 glk-7 strA) obtained from Curtis et al.5) was used.)
Purification ofglucokinase. Unless otherwise noted, all the procedures were carried out at 4°C and the buffer used was 5.0 mMtris(hydroxymethyl)aminomethane (Tris)-HCl (pH 7.0) containing 5.0mM MgCl2. 10) 2nd DEAE-cellulose column chromatography. The dialysate (25ml, 12mg protein) was applied to a DEAEcellulose column (1.3 x 15 cm) equilibrated with the buffer.
The proteins were eluted with a linear gradient of the buffer containing KC1 at increasing concentrations from 0 to 0.35m. Active fractions (conductivity: 23~30mo) were pooled, dialyzed against the buffer overnight and then concentrated to about 5.0ml with an Amicon PM-10Membrane. The resultant enzyme solution was used as the GLKsource throughout this study.
Assay for glucokinase. Two methods (Method-I and Method-II) were employed as described by Parry and Walker.6) Method-I: In this method, the formation of G-6-P was measured by coupling with excess G-6-P dehydrogenase to the reduction of nicotinamide adenine dinucleotide phosphate (NADP) at 25°C. The reaction mixture contained 50mM glucose, 2.0mM ATP, 12mM MgCl2, 0.2mM NADP, 2.5U G-6-P dehydrogenase, 50mM Tris-HCl buffer (pH 7.5), and enzyme. The reaction with purified enzyme was carried out using the buffer of pH 8.5. The reaction was initiated by the addition of ATP and the reaction rates were recorded by measuring the increases in absorbance at 340nm on a Hitachi Spectrophotometer Model 100-50. Method-II: In this method, the formation of adenosine 5'-diphosphate (ADP) was measured by coupling in the presence of phosphoenolpyruvate (PEP) with excesses of both pyruvate kinase and lactate dehydrogenase to the oxidation of nicotinamide adenine dinucleotide (NADH). The reaction mixture (3.0ml) contained 2.5mM ATP, 2.0mM MgCl2, 0.5mM PEP, 0.16mM NADH, 0.5 U pyruvate kinase, 0.5 U lactate dehydrogenase, 50mM Tris-HCl buffer (pH 8.5), 50 mMsugars, and enzyme at 25°C. The reaction was initiated by the addition of enzyme and the decrease in absorbance at 340nm was monitored on a Hitachi Spectrophotometer Model 100-50. Gel filtration. The molecular weight determination was performed on a column of Sephadex G-150 (1.6 x 90cm). The protein was eluted with 5.0mM Tris-HCl buffer (pH 7.0)containing 5 mMMgCl2 ataflowrate of10 ml/hr at4°C. Table I summarizes the purification steps of glucokinase. This enzymewas purified about 170-fold from the crude cell extracts prepared from a strain E. coliZSC1 12LcarryingpGK100 with about 4% activity yield. The purified enzyme was homogeneous on polyacrylamide gel electrophoresis (Fig. 1A) . The activity staining also showed a single light brown band at the same position as that of the protein band (Fig. IB) .
RESULTS

Purification of glucokinase
Determination of molecular weight The molecular weight of the purified enzyme was determined to be 49,000 by gel filtration on a Sephadex G-150 column (Fig. 2 ).
Subunit structure The purified glucokinase was subjected to SDSpolyacrylamide gel electrophoresis. After electrophoresis, the enzyme showed a single protein band (Fig. 3A) having a molecular weight of 24,500 (Fig. 3B) .
Properties of glucokinase (1) Effects of pH on activity and stability. The optimal pH for activity was around 9.5 (Fig. 4) . Markedly decreased activity was observed at the pH region below 7.0. No appreciable loss of enzymeactivity was observed after the treatment of enzyme at 40°C for lOmin in buffers of various pHs (Fig. 4) .
(2) Effects of temperature on activity and stability. The highest glucokinase activity was obtained by the incubation of the enzyme at 50°C (Fig. 5) . However, 50% of the enzyme activity was lost after incubation at about 55°C for lOmin. Almost complete loss of activity was observed with lOmin heating at 65°C or higher.
(3) Effects of metal ions. Step* 7á" activity protein activity" (fold) Glucokinase.
The methods for electrophoresis were as described in Materials and Methods. The direction of migration is from the cathode (top of photo) to the anode. The gels were stained for protein (A) and for activity (B). BPB indicates bromophenol blue. Solid lines show the pH-activity profile. The reaction was carried out using 0.05m buffers of various pHs. Activity was determined by Method I and the activity at pH 9.5 was taken as 100%. Dotted lines show the pH-stability profile. For the assay of glucokinase, excess of G-6-P dehydrogenase was used so that this enzyme reaction did not become a rate limiting step in the glucokinase assay mixture. Two-fold units of G-6-P dehydrogenase over glucokinase was enough to eliminate the effect of G-6-P dehydrogenase, though the data are not shown. The glucokinase was incubated in 0.1 m of various buffers (pH 5.0~1 1) containing 4.0mM MgCl2 at 40°C for 10min. The remaining activity was determined by Method I and the activity of enzymetreated at pH 7.0 was taken as 100%.
Buffers used were: O, succinate-NaOH; ®, potassium phosphate; O, Tris-HCl; and #, glycine-NaOH. Closed symbols show the temperature-activity profile.
Reaction was carried out as described in Materials and Methodsat various temperature. After lOmin, the reaction was terminated by immersing the test tube in an boiling water for 3min and G-6-P formed in reaction mixture was determined enzymatically using the G-6-P dehydrogenase-NADP system.6) The activity at 50°C was taken as 100%. Open circles show the temperaturestability profile. The glucokinase was incubated in 100 mM Tris-HCl buffer (pH 7.0) containing 4.0mM MgCl2 at various temperatures for lO min and remaining activity was determined by Method I. The activity at 25°C was taken as 100%. Activities were determined by Method I, except that the various metal ions were used. All the metal ions were used at the concentration of 2.0mM,except for ZnCl2 (0.4mM). Activity obtained in the presence of MgCl2was taken as 100. (Table III) . This enzyme showed the highest affinity to D-glucose among the sugars employed and the Km value for D-glucose was calculated to be 20mM from the LineweaverBurk plots.n) Other than D-glucose, several sugars, D-mannose, D-glucosamine, and 2-deoxy-D-glucose were also efficiently phosphorylated.
On the other hand, D-fructose and D-xylose were poor as phosphoryl acceptors. No measurable phosphorylation was observed with D-galactose. (ii) Phosphoryl donor specificity. Phosphoryl donor specificity of this enzyme was also investigated (Table III) . The enzyme was highly specific to ATP and its Kmvalue for ATP was calpulated to be 0.67mM. (6) Interaction between substrates and products. The effects of G-6-P and ADPon glucokinase reaction were investigated. G-6-P showed non-competitive inhibition against glucose (Fig. 7A) . On the other hand, ADP showed competitive inhibition against ATP (Fig. 7B) . The Ki value ofADP for ATP was 0.31 mM (Table II) and free SH-groups for activity (Table IV) a The compounds were added to the reaction mixture described in Materials and Methods. All the compounds were used at the concentration of 1.0mM, except for DTT, EDTA, and ZnCl2, which were used at 0.2, 15, and 0. 1 mM,respectively. b Activity was assayed by Method I and activity in the reaction mixture with only Mg2+was taken as 100. (Table  III) .
However, Km values for ATP of the glucokinases were almost the sameirrespective of the glucokinase sources and were between 0.2 to 0.5mM.
Thus, the properties of glucokinase from E. coli B were different from those of the enzymes from other bacterial strains in metal ion requirement and substrate specificity and so on.
It has been demonstrated that E. coli possesses a highly efficient phosphoenolpyruvate-dependent phosphotransferase system (PTS) for D-glucose transport. Glucose phosphotransferase (GPT) and mannose phosphotransferase (MPT) have been thought to be the major membersresponsible for these systems and the significance of E. coli glucokinase in glucose catabolism has been considered to be slight, although the enzyme is important for bacterial cells having no efficient D-glucose transport system. However, we have shown1} that E. coli strain13) having deficiencies in both GPTand MPTcould grow on D-glucose at the rate comparable with that of wild E. coli cells. This indicates that E. coli cells could use a pathway involving the glucokinase reaction for the catabolism of D-glucose.13) The reaction mechanisms ofglucokinase in E. coli B has not been examined. The product inhibition data (Figs. 7A and B) showed that G-6-P was a noncompetitive inhibitor for D-glucose and ATP was a competitive inhibitor for ADP.
However, the inhibition by G-6-P was severe at the lower concentration of G-6-P. This inhibition pattern by G-6-P was apparently different from that of the enzymesfrom various other sources. To further elucidate the function of glucokinase in E. coli B, we are studying the regulation of the expression of the glucokinase gene carried on the hybrid plasmid pGKlOO.
